The reticular synthesis of covalent organic frameworks (COFs), extended porous twodimensional (2D) or three-dimensional (3D) networks held together by strong, highly directional chemical bonds, has thus far been restricted to small, shape-persistent, molecular building blocks.
adapted to introduce atomically precise spacings of functional groups along the edges of a ribbon, giving access to a shape persistent quasi-1D macromolecular building block for the reticular synthesis of 2D COFs.
Imine linked GNR-COF films were assembled from aldehyde functionalized cove-GNRs (CHO-cGNR) and benzidine crosslinkers. Large area, homogenous thin-films of variable thickness were synthesized through interfacial polymerization at a liquid-liquid interface. By modulating the concentration of GNRs in the reaction mixture the film thickness can be controlled over a range of 2-22 nm. Fourier transform infrared (FT-IR) spectroscopy along with control experiments using unfunctionalized cGNRs confirmed that the GNR-COF films are covalently linked through imine bonds. The crystallographic structure of the GNR-COF was probed using wide angle X-ray scattering (WAXS) and transmission electron microscopy (TEM), revealing the extraordinary potential of reticular covalent self-assembly techniques to access densely packed parallel arrays of GNRs. Liquid-phase exfoliation of crystalline cGNR-COFs gives access to vertically stacked fewlayered cGNR-COF flakes for applications in functional materials and advanced electronics.
The synthesis of CHO-cGNRs is depicted in Fig. 1A . Diels-Alder polymerization of acetal protected cyclopentadienone 3 yields the poly-phenylene precursor 4. Size exclusion chromatography (SEC) shows a bimodal distribution of linear polymers (Mn = 26,000 g mol -1 ) and cyclic oligomers (Mn = 3,000 g mol -1 ) (Fig. S1 ) characteristic for a step-growth polymerization mechanism 20, 21 . Acid catalyzed deprotection of crude 4 yields the aldehyde functionalized polyphenylene 5. Fractionation of the polymer mixture by preparative SEC gave access to samples of high molecular weight linear polymer 5 (Mn = 18,500 g mol -1 ) and low molecular weight cyclic oligomers (Mn = 2,100 g mol -1 ) (Fig. 1B) . MALDI mass spectroscopy of linear polymers 4 and 5
shows families of molecular ions separated by the repeat unit of the polymers, 676 g mol -1 and 588 g mol -1 for 4 and 5, respectively (Fig. 1C) . The successful deprotection of 4 is further corroborated by the absence of characteristic peaks associated with the acetal protecting group (d = 4.16-3.89 ppm) in 1 H-NMR spectra of 5 and the appearance of a new peak consistent with the aldehyde group hydrogen atoms (d = 10.06-9.85 ppm) ( Fig. S2 ). Oxidative cyclodehydrogenation of 5 yields CHO-cGNR as a dark solid. Raman spectra of CHO-cGNRs show the characteristic signatures of cGNRs; a radial breathing like mode (RBLM) (253 cm -1 ), the D (1332 cm -1 ), and the G (1603 cm -1 ) peaks as well as overtone 2D, D+D ' , and 2D ' peaks ( Fig. 1D) 20, 22, 23 . An overlay of the respective IR spectra of poly-phenylene 5 and CHO-cGNR confirms the presence of aldehyde groups in the GNRs. The relative intensity of the characteristic aldehyde C=O stretching mode at 1699 cm -1 , with respect to the C=C stretching mode at 1602 cm -1 , remains unchanged following the oxidative cyclodehydrogenation (Fig. 1E ). The UV/vis absorption spectrum of aldehyde functionalized CHO-cGNRs, indistinguishable from an original sample of cGNRs featuring solubilizing alkyl chains ( Fig. S3 ) 23 , along with the characteristic Raman spectra ( Fig.   1D ), is further evidence that the oxidative cyclodehydrogenation proceeds to the expected high degree of conversion 20, 23 .
Imine cross-linked crystalline cGNR-COFs were grown using a Lewis acid catalyzed interfacial polymerization [24] [25] [26] . The physical separation of the catalyst (Sc(OTf)3), dissolved in an aqueous phase, and the organic building blocks, CHO-cGNRs and the benzidine cross-linker dispersed in an immiscible organic phase, relegate the COF film growth exclusively to the liquidliquid interface. The limited stability of dispersions of CHO-cGNRs in a wide variety of solvents along with the requirement that the density of the organic phase be greater than the aqueous phase to prevent the undesired precipitation of amorphous GNR aggregates at the liquid-liquid interface during film growth, narrowed the selection of organic solvents to mixtures of o-dichlorobenzene (o-DCB) and chloroform. High quality cGNR-COFs were obtained by layering an aqueous solution of Sc(OTf)3 (5 mM) over a homogenous dispersion of CHO-cGNRs and benzidine in o-DCB/CHCl3 (v/v = 1:1). Over the course of 5-7 days gray films form at the liquid-liquid boundary that were scooped from the interface and transferred onto solid substrates (Fig 2A) . A series of control experiments that alternately remove any one of the critical components, CHO-cGNRs, benzidine cross-linker, or Sc(OTf)3, from the reaction mixture preclude the formation of cGNR-COFs even after extended reaction times. Similarly, the replacement of CHO-cGNRs with unfunctionalized cGNRs did not lead to the formation of COF films at the liquid-liquid interface ( Fig. S4 ). We therefore conclude that the observed cGNR-COF films formed in the presence of both reaction partners, CHO-cGNRs, benzidine, and the Lewis acid catalyst are not comprised of non-covalently assembled films formed at the interface solely driven by π-π interactions. of the characteristic aldehyde C=O stretching mode (l -1 = 1702 cm -1 ) relative to the C=C mode (l -1 = 1600 cm -1 ) (Fig. 1E ). The imine C=N stretching mode resulting from the crosslinking of CHO-cGNRs with benzidine appears as a new shoulder at l -1 = 1657 cm -1 in the IR spectrum of cGNR-COFs ( Fig. 1E ).
cGNR-COF film morphology and thickness were examined using scanning electron microscopy (SEM) and atomic force microscopy (AFM). SEM images of cGNR-COF films transferred onto TEM grids show large-scale homogeneity and well-defined film morphology ( Fig.   2D ). Large areas (> 100 µm 2 ) of homogenous, smooth films show little to no amorphous regions or protrusions from the surface (Fig. 2D ). This is further supported by ambient AFM that shows films with height profiles ranging from 2-20 nm ( Fig. 2E, Fig. S6 ). The thickness of cGNR-COF films prepared through Lewis acid catalyzed growth at the liquid-liquid interface scales linearly with the initial concentration of CHO-cGNRs ( Fig. S7 ). Dilute dispersions of CHO-cGNRs (67 µg mL -1 ) yield film thicknesses as low as 2 nm while higher concentrations (270 µg mL -1 ) form films with average thicknesses in excess of 20 nm.
We used synchrotron X-ray scattering to study the crystallographic structure of cGNR- planes, respectively (Fig. 3A) . The (001) and (002) Bragg reflections correspond to the distance, and half the distance, between parallel ribbons (2.5 nm and 1.25 nm) whereas the (01-1) corresponds to the spacing of benzidine linkers (0.7 nm) lining the edges of the cGNRs (Fig. 3B ).
The Bragg reflections associated with the interlayer p-stacking between cGNRs is masked by the pronounced background of the quartz capillary in the expected region of the WAXS pattern.
We used high-resolution transmission electron microscopy (HR-TEM) to study the crystalline domain size of cGNR-COF films directly scooped from the liquid-liquid interphase ( Fig. 3C ). The micrographs, recorded at a total electron dose of 100 e Å -2 to minimize sample damage, display clear lattice fringes corresponding to the distance between linkers (0.7 nm) ( Fig.   3D ) and the π-stacking between ribbons (0.35 nm) ( Fig. 3E ), respectively. The observed lattice fringes corroborate the molecular model depicted in Fig. 3B and can be assigned to the (01-1) and (105) lattice planes, respectively. The fact that the (001) and (002) planes related to the distance between covalently linked cGNRs cannot be observed in the TEM images is attributed to a preferential orientation of the crystallites within the film relative to the TEM grid. Following the scooping transfer the cGNR-COFs adopt orientations in which the lateral spacing between cGNRs (2.5 nm) lies on an axis perpendicular to the surface and remains out of focus leaving only the πstacking and linker-linker distances to be observed by in-plane elastic scattering. Most notably, the HR-TEM demonstrates that the crystalline domain size (> 400 nm 2 ) is 1-2 orders of magnitude larger than previously reported solution processable GNR films formed via π-stacking alone 27 . cGNR-COFs not only self-assemble into larger crystallites but macromolecular reticulation through directional covalent bonds allows for the rational design of highly anisotropic materials.
Finally, adopting a liquid-phase exfoliation protocol for the delamination of crystalline 2D COFs, we were able to access free-standing few-layer 2D cGNR-COF sheets. A dispersion of multilayer films grown from a saturated CHO-cGNR solution in acetone was transferred to o-DCB, sonicated, and drop-cast onto Si/SiO2. The resulting cGNR-COF flakes were analyzed using ambient AFM to determine the film thickness, size, and homogeneity ( Fig. 4, A 
Materials and Methods
Unless otherwise stated, all manipulations of air and/or moisture sensitive compounds were carried out in oven-dried glassware, under an atmosphere of N2 or Ar. All solvents and reagents were purchased from Alfa Aesar, Spectrum Chemicals, Acros Organics, TCI America, and Sigma-Aldrich and were used as received unless otherwise noted. Organic solvents were dried by passing through a column of alumina and were degassed by vigorous bubbling of N2 or Ar through the solvent for 20 min. Flash column chromatography was performed on SiliCycle silica gel (particle size 40-63 μm). Thin layer chromatography was performed using SiliCycle silica gel 60 Å F-254 precoated plates (0.25 mm thick) and visualized by UV absorption. HOPG substrates were purchased from SPI supplies (3 mm Grade SPI-3). All 1 H and 13 C NMR spectra were recorded on Bruker AV-300, AVB-400, AV-600, DRX-500, and AV-500 MHz spectrometers, and are referenced to residual solvent peaks (CDCl3 1 H NMR = 7.26 ppm, 13 C NMR = 77.16 ppm; CD2Cl2 1 H NMR = 5.32 ppm, 13 C NMR = 53.84 ppm). ESI mass spectrometry was performed on a Finnigan LTQFT (Thermo) spectrometer in positive ionization mode. MALDI mass spectrometry was performed on a Voyager-DE PRO (Applied Biosystems Voyager System 6322) in positive mode using a matrix of dithranol. Gel permeation chromatography (GPC) was carried out on a LC/MS Agilent 1260 Infinity set up with a guard and two Agilent Polypore 300 ´ 7.5 mm columns at 35 °C. All GPC analyses were performed on a 0.2 mg mL -1 solution of polymer in CHCl3. An injection volume of 25 μL and a flow rate of 1 mL min -1 were used. Calibration was based on narrow polydispersity polystyrene standards ranging from Mw = 100 to 4,068,981 au. Raman spectroscopy was performed on a Horiba Jobin Yvon LabRAM ARAMIS confocal Raman microscope with 532 nm excitation wavelength. Wide-angle X-ray scattering (WAXS) data was acquired on beamline 7.3.3 at the Advanced Light Source with a Pilatus 2M detector. Powder samples were dropcast from acetone, dried in quartz capillaries and put into a helium atmosphere for measurement in transmission geometry. Silver behenate was used for calibration. The Nika package for IGOR Pro (Wavemerics) was used to reduce the acquired 2D raw data to a 1D profile 1 . SEM was performed on a Zeiss Gemini Ultra-55 FESEM with an accelerating voltage between 2-10 kV. Low-dose HR-TEM images were acquired on the TEAM I instrument at the National Center for Electron Microscopy at the Molecular Foundry. TEAM I is an FEI Titan-class microscope operated at 300 kV, with geometric aberrations corrected to third order (with partial correction to fifth order) and chromatic aberrations corrected to the first order. Imaging data were collected at 24 °C with the Gatan K2 direct-detection camera operated in electron-counting mode. Images were recorded with total doses of 100 eÅ -2 to minimize sample damage. SEM and TEM samples were prepared via scooping films directly, or drop-casting film dispersions onto lacey carbon TEM grids purchased from Ted Pella. Infrared spectroscopy was conducted with a Bruker ALPHA ATR-FTIR. ATR-FTIR samples were prepared by scooping thick films directly onto aluminum foil. UV-Vis spectroscopic measurements were conducted on a Varian Cary 50 spectrophotometer.
2,5-bis(4-bromophenyl)-3-phenyl-4-(3-((triisopropylsilyl)ethynyl)phenyl)cyclopenta-2,4-dien-1-one 2 , 2-(4-bromophenyl)-1,3-dioxolane 3 and unfunctionalized cGNRs 2 were synthesized following literature procedures.
3-phenyl-2,5-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-(3-((triisopropylsilyl) ethynyl)phenyl)cyclopenta-2,4-dien-1-one (1) An oven dried 200 mL Schlenk flask with reflux condenser
was charged under N2 with 2,5-bis(4-bromophenyl)-3-phenyl-4-(3-((triisopropylsilyl)ethynyl)phenyl)cyclopenta-2,4-dien-1-one (0.50 g, 0.69 mmol), Pd(dppf)Cl2 (91 mg, 0.11 mmol), anhydrous KOAc (0.67 g, 6.80 mmol), and bis(pinacolato)diboron (0.68 g, 2.68 mmol) in anhydrous dioxane (80 mL). The reaction mixture was stirred for 5 h at 95 °C. The solvent was removed and the crude product was redissolved in CH2Cl2, washed with H2O, saturated aqueous NaCl solution, dried over Na2SO4, and concentrated on a rotary evaporator. The crude product was passed through a plug of silica (EtOAc). The solvent was removed and the solid was sonicated in MeOH. This process was repeated until the MeOH filtrate was colorless, yielding 1 (0.47 g, 0.58 mmol, 84%) as a purple solid. 1 
2,5-bis(4'-(1,3-dioxolan-2-yl)-[1,1'-biphenyl]-4-yl)-3-phenyl-4-(3-((triisopropylsilyl)ethynyl) phenyl)cyclopenta-2,4-dien-1-one (2)
A 25 mL Schlenk flask was charged with 1 (264 mg, 0.32 mmol), 2-(4-bromophenyl)-1,3-dioxolane 3 (224 mg, 0.98 mmol), and Aliquat 336 (6 drops) in 2M K2CO3 (3 mL) and dioxane (6 mL). The suspension was degassed via N2 sparging for 30 min, after which Pd(PPh3)4 (60.4 mg, 0.053 mmol) was added under N2. The reaction mixture was stirred at 100 °C for 20 h under N2. The solution was cooled to 24 °C and diluted with CH2Cl2. The organic phase was washed with H2O, saturated aqueous NaCl solution, dried over Na2SO4, and concentrated on a rotary evaporator. Column chromatography (SiO2; 1-10% EtOAc/CH2Cl2) yielded 2 (189 mg, 0.22 mmol, 68%) as a purple solid. 1 
2,5-bis(4'-(1,3-dioxolan-2-yl)-[1,1'-biphenyl]-4-yl)-3-(3-ethynylphenyl)-4-phenylcyclopenta-2,4dien-1-one (3)
An oven dried 25 mL Schlenk flask was charged under N2 with 2 (61.3 mg, 0.07 mmol) in anhydrous THF (7 mL). A solution of TBAF (0.76 mL, 0.076 mmol, 0.1 M in THF) was added dropwise to the solution over a period of 5 min at 24 °C. The solution was stirred for an additional 10 min and the reaction was quenched with H2O. The suspension was extracted with CH2Cl2 and the organic phase was washed with H2O, dried over Na2SO4 and concentrated on a rotary evaporator. Column chromatography (SiO2; 3:2 hexanes/EtOAc) yielded 3 (23.9 mg, 0.034 mmol, 48%) as a purple solid. 1 poly-4 An oven dried 5 mL sealable tube was charged under N2 with 3 (55.9 mg, 0.079 mmol) in Ph2O (279.5 mg, 0.25 mL). The solution was degassed. The tube was sealed under N2 and heated to 230 °C for 18 h. The solution was cooled to 24 °C, MeOH was added, and the precipitate was collected via centrifuge. The precipitate was dissolved in THF and reprecipitated with MeOH (1:2 THF/MeOH) and the resulting precipitate was collected via centrifuge. This process was repeated three times yielding 4 (46.8 mg, 87%) as a colorless solid. 1 cGNR-COF thin films A dispersion of CHO-cGNR (1.349 mg) in (1:1) o-DCB/CHCl3 (4 mL), was added to a solution of benzidine (0.431 mg, 0.002 mmol) in (1:1) o-DCB/CHCl3 (1 mL) and filtered through a pad of glass wool. A silanized vial was charged with the reaction mixture and carefully layered with a 5 mM Sc(OTf)3 (aq.) solution. The vial was left undisturbed for 7 days, during which a gray film began to appear at the interface of the two liquids. The aqueous phase was gently removed by syringe and replaced with H2O. The organic phase was gently removed and replaced with (1:1) o-DCB/CHCl3. The film formed at the interface was scooped onto a substrate. The film was washed by dipping the substrate into water, acetone then isopropyl alcohol. cGNR-COF film powder A dispersion of CHO-cGNR (1.349 mg) in (1:1) o-DCB/CHCl3 (4 mL), was added to a solution of benzidine (0.431 mg, 0.002 mmol) in (1:1) o-DCB/CHCl3 (1 mL) and filtered through a pad of glass wool. A silanized vial was charged with the reaction mixture and carefully layered with a 5 mM Sc(OTf)3 (aq.) solution. The vial was left undisturbed for 7 days, during which a gray film began to appear at the interface of the two liquids. The aqueous phase was gently removed by syringe and replaced with H2O. The organic phase was gently removed and replaced with (1:1) o-DCB/CHCl3. A maximum amount of aqueous and organic phase was removed without disturbing the film. The interface suspended film was quickly poured into an excess of acetone. The film suspension was allowed to settle and the majority of the acetone was removed and replaced with fresh acetone. This process was repeated four times and the film dispersion were stored in acetone.
Liquid-phase exfoliation of cGNR-COF films A dispersion of cGNR-COF films in acetone (2-3 drops) was added to o-DCB (1 mL) and the suspension was sonicated for 15 min. The resulting dispersion was drop-cast onto the desired substrate at 24 °C and the solvent was removed under a stream of N2. The substrate was gently rinsed with water, acetone, isopropyl alcohol, and dried under a stream of N2. 
